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In metazoans, many mRNAs needed for embryogenesis are produced during oogenesis and must be tightly regulated during the complex
events of oocyte development. In C. elegans, translation of the Notch receptor GLP-1 is repressed during oogenesis and is then activated
specifically in anterior cells of the early embryo. The KH domain protein GLD-1 represses glp-1 translation during early stages of meiosis, but the
factors that repress glp-1 during late oogenesis are not known. Here, we provide evidence that the PUF domain protein PUF-5 and two nearly
identical PUF proteins PUF-6 and PUF-7 function during a specific period of oocyte differentiation to repress glp-1 and other maternal mRNAs.
Depletion of PUF-5 and PUF-6/7 together caused defects in oocyte formation and early embryonic cell divisions. Loss of PUF-5 and PUF-6/7 also
caused inappropriate expression of GLP-1 protein in oocytes, but GLP-1 remained repressed in meiotic germ cells. PUF-5 and PUF-6/7 function
was required directly or indirectly for translational repression through elements of the glp-1 3′ untranslated region. Oogenesis and embryonic
defects could not be rescued by loss of GLP-1 activity, suggesting that PUF-5 and PUF-6/7 regulate other mRNAs in addition to glp-1. PUF-5 and
PUF-6/7 depletion, however, did not perturb repression of the maternal factors GLD-1 and POS-1, suggesting that subsets of maternal gene
products may be regulated by distinct pathways. Interestingly, PUF-5 protein was detected exclusively during mid to late oogenesis but became
undetectable prior to completion of oocyte differentiation. These results reveal a previously unknown maternal mRNA control system that is
specific to late stages of oogenesis and suggest new functions for PUF family proteins in post-mitotic differentiation. Multiple sets of RNA-
binding complexes function in different domains of the C. elegans germ line to maintain silencing of Notch/glp-1 and other mRNAs.
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The regulation of mRNAs in the cell cytoplasm plays
numerous important roles in animal development (de Moor et
al., 2005). In particular, oocyte and early embryo development
depends on tight regulation of mRNA translation, localization,
and stability. Oocytes and their germline precursors produce
many maternal mRNAs that control the timing and patterns of
early embryonic cell determination. These maternal mRNAs
must be precisely regulated after they are made, not only during
early cell divisions in the embryo but also prior to fertilization,
during the complex events of meiosis and oogenesis. How
maternal mRNA regulation is coordinated with these develop-
mental processes is not well understood.⁎ Corresponding author. Fax: +1 303 724 3420.
E-mail address: tom.evans@uchsc.edu (T.C. Evans).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.12.004In diverse organisms, specific RNA-binding complexes
control the timing and localization of maternal mRNA
translation (Huang and Richter, 2004; de Moor et al., 2005;
Wilhelm and Smibert, 2005; Evans and Hunter, 2005). For
example, Drosophila nanos and oskar mRNAs are translation-
ally repressed by different RNA-binding factors to ensure
localization of their proteins at the posterior pole of the oocyte
and embryo. In Xenopus, specific RNA-binding proteins control
the timing of maternal mRNA polyadenylation and translation
during oocyte maturation and early embryogenesis. In C.
elegans, localized translation of embryonic cell fate regulators
depends on RNA-binding proteins that function in the germ line
and embryo. A common theme among these systems is that
RNA-binding factors control many maternal mRNAs through
specific 3′ untranslated region (3′UTR) elements. The compo-
sition of these RNA-binding factors, their 3′UTR targets, and
their mechanisms are beginning to be uncovered. However,
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stood how these regulatory factors interface with specific
developmental events to generate translation patterns for
specific mRNAs.
In the C. elegans embryo, some cell fate regulators are
translated from maternal mRNAs in specific cells at specific
times. The Notch receptor GLP-1 is translated specifically in
anterior blastomeres beginning at the 2-cell stage (Evans et al.,
1994). By contrast, the caudal transcription factor PAL-1 is
translated specifically in posterior blastomeres by the 4-cell
stage, while the Nanos protein NOS-2 is expressed specifically
in the germ cell precursor beginning at the 28-cell stage (Hunter
and Kenyon, 1996; Subramaniam and Seydoux, 1999; D'Agos-
tino et al., 2006). These precise translation patterns are
important for early cell specification. For example, localization
of PAL-1 to specific posterior lineages is necessary to restrict
muscle and other cell types to those lineages (Draper et al.,
1996; Hunter and Kenyon, 1996). Localization of the Notch/
GLP-1 receptor to anterior cells is important to spatially
constrain Notch signaling, which regulates anterior cell fate
patterns (Mango et al., 1994; Mello et al., 1994; Shelton and
Bowerman, 1996). In each of these cases, translational control is
mediated by 3′UTR elements in maternal mRNAs (Evans et al.,
1994; Hunter and Kenyon, 1996; Marin and Evans, 2003;
D'Agostino et al., 2006). For Notch/GLP-1, two distinct
elements are needed to repress translation in posterior cells
and promote translation in anterior blastomeres (Marin and
Evans, 2003). It is likely that many other maternal mRNAs are
also regulated in the embryo in specific ways.
Regulation of C. elegans maternal mRNAs begins in the
adult hermaphrodite gonad where oocytes develop in a
spatially and temporally organized pattern (Fig. 1). The C.
elegans hermaphrodite gonad consists of two reflexed tubes
that connect to a common uterus (Hubbard and Greenstein,
2000). In the distal tip region of each gonad tube, germline
stem cells proliferate to produce oocyte precursors (Fig. 1). As
germ cell nuclei exit the distal tip region, they enter meiosis
and eventually differentiate into oocytes as they near the
proximal end (Hubbard and Greenstein, 2000; Yamamoto et
al., 2006). The last fully differentiated oocyte matures in
response to sperm signals and is fertilized to begin
embryogenesis. Maternal mRNAs are transcribed by germFig. 1. Maternal mRNA regulation and oocyte development within the C. elegans go
cells proliferate and produce cells that enter meiosis in the distal arm. Oocyte differen
are made by distal germ cell nuclei. GLP-1 protein (red) is only made near the distal
meiotic cells where it represses glp-1 and many other mRNAs. GLD-1 is re-made
translation in anterior cells of the embryo.cell nuclei in the distal arm and therefore must be controlled
during multiple stages of meiosis and oocyte formation (Gibert
et al., 1984; Schisa et al., 2001).
Most known maternal mRNAs distribute throughout the
gonad but are regulated in different patterns that mirror the
spatial organization of germ cell development. For example, the
KH protein GLD-1 is expressed specifically in early stages of
meiosis in the distal arm, disappears during late oogenesis in the
proximal arm, and then re-emerges in posterior cells of the
embryo (Jones et al., 1996). GLD-1 expression in the distal arm
is essential to promote early stages of meiosis and inhibit re-
entry of germ cells into mitosis (Francis et al., 1995a,b). By
contrast, the yolk receptor RME-2 is repressed during early
meiosis and is synthesized as oocytes differentiate in the
proximal gonad, where it promotes yolk uptake (Grant and
Hirsh, 1999; Lee and Schedl, 2001). Notch/GLP-1 protein is
prominent in membranes of mitotic germ cells but its translation
is then repressed throughout all stages of oogenesis and zygote
formation until translation is activated in the 2-cell embryo (Fig.
1) (Crittenden et al., 1994; Evans et al., 1994). GLP-1 is
necessary to maintain stem cell proliferation in the distal gonad
tip and its inactivation promotes exit from mitosis and entry into
meiosis (Austin and Kimble, 1987; Berry et al., 1997). These
observations suggest that distinct regulatory systems control
maternal mRNA translation in specific domains of the gonad,
and that these controls pattern germ cell proliferation and
oogenesis. In support of this idea, at least two different 3′UTR
elements repress Notch/glp-1 mRNA translation during oogen-
esis (Evans et al., 1994; Marin and Evans, 2003), and pal-1
mRNA repression in the germ line requires at least two distinct
regulatory factors that are expressed at different times (Draper et
al., 1996; Hunter and Kenyon, 1996; Mootz et al., 2004).
Only a few of the factors that control maternal mRNAs in the
C. elegans germ line are known. In mitotic germ cells of the
distal tip, the PUF domain RNA-binding proteins FBF-1 and
FBF-2 repress several mRNAs to control proliferation and
promote the female germ cell fate (Zhang et al., 1997; Crittenden
et al., 2002; Lamont et al., 2004). As germ cells enter meiosis,
the KH RNA-binding protein GLD-1 accumulates to control
many maternal mRNAs (Jones et al., 1996; Lee and Schedl,
2001). GLD-1 is a direct translational repressor of Notch/glp-1,
rme-2, and pal-1 and is known or predicted to control manynad. A diagram of one arm of a C. elegans gonad is shown. Distal germline stem
tiation is completed in the proximal arm. Maternal mRNAs like glp-1 (blue lines)
tip and in anterior cells of embryos. The KH protein GLD-1 is restricted to distal
together with POS-1 and an unknown de-repressor to promote localized glp-1
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Lee and Schedl, 2001; Xu et al., 2001; Marin and Evans, 2003;
Mootz et al., 2004; Ryder et al., 2004). A few putative RNA-
binding proteins are known to function in late stages of
oogenesis. The KH protein MEX-3 is expressed in proximal
oocytes where it is required to repress pal-1 mRNA translation
(Hunter and Kenyon, 1996; Mootz et al., 2004). The CCCH
finger OMA-1 and OMA-2 proteins control terminal stages of
oocyte development although their regulatory targets are
unknown (Detwiler et al., 2001; Shimada et al., 2002). However,
other RNA-binding factors that function during late oogenesis
must exist. MEX-3 alone does not influence oogenesis and is not
required for glp-1 mRNA regulation (Draper et al., 1996;
Crittenden et al., 1997). The OMA proteins are likely to function
specifically during the terminal stages of oocyte differentiation
and maturation. These findings suggest that additional unknown
regulatory factors control Notch/glp-1 and other maternal
mRNAs during late stages of oocyte development.
In this study, we provide evidence that the PUF domain
RNA-binding proteins PUF-5, PUF-6, and PUF-7 function
redundantly to control maternal mRNAs during a specific period
of late oogenesis. Depletion of these proteins caused severe
defects in oocyte formation and embryonic cell divisions.
Further, these PUF proteins function directly or indirectly to
repress glp-1 mRNA translation through elements of the glp-1
3′UTR. PUF-5, PUF-6, and PUF-7 likely control oogenesis by
regulating other maternal gene products in addition to glp-1.
Remarkably, PUF-5 expression and control of glp-1 repression
is precisely limited to a specific time period of late oogenesis,
prior to terminal oocyte formation and maturation. These
observations suggest a new function for PUF family proteins
and reveal a system of mRNA regulators that control late
oogenesis. Further, these findings imply that multiple RNA-
binding factors expressed in distinct domains of the gonad
maintain the silencing ofNotch/glp-1 and other mRNAs through
different stages of oocyte and early embryonic development.
Materials and methods
Plasmids and strains
Strains used include N2 (Bristol) wild-type strain, maintained at 20 °C, and
glp-1(q224ts), maintained at 15 °C using standard methods (Brenner, 1974). The
full-length coding regions of puf-5 and puf-6 cDNAs were generated by RT-
PCR of total hermaphrodite mRNA; puf-5 cDNA was cloned into Bluescript
(pBSKSII+, Stratagene) to make pTE12.0, pGEX-KG (Stratagene) to generate
pTE14.0, and pMal C2X (New England Biolabs) to make pTE15.0. puf-6 was
cloned into pMalC2X to make pTE16.0. Reporter mRNA plasmids used were
pTE4.0 (Marin and Evans, 2003), which contains 365 bp of glp-1 3′UTR (full-
length minus the last base) and pTE13.0, in which the 5′ 237 bp of the glp-1 3′
UTR was removed from pJK355, which is identical to pTE4.0 except for the
plasmid backbone (Evans et al., 1994; Marin and Evans, 2003). DNAs were
sequenced by the University of Colorado Cancer Center DNA Sequencing and
Analysis Core Facility, which is supported by the NIH/NCI Cancer Core
Support Grant (CA46934).
RNAi screen of germline-expressed genes
PCR primer pairs to genes strongly expressed in the germ line (Reinke et al.,
2000), and with T7 promoters, were generously provided by Valerie Reinke.From this gene set, 92 genes encoding potential RNA-binding proteins were
identified through Wormbase (www.wormbase.org). PCR fragments of these
genes were amplified from N2 genomic DNA, and double-stranded RNAs
(dsRNAs) were made usingMegascript in vitro transcription reagents (Ambion).
N2 hermaphrodites were microinjected with dsRNAs at 1–4 mg/ml and
incubated at 20 °C for 24 h as described (Barbee et al., 2002). Injected animals
were dissected, fixed, and stained, as described (Barbee et al., 2002), with GLP-
1 polyclonal antibodies (a gift of Judith Kimble) and the K76 monoclonal to
PGL-1 (K76 was developed by Susan Strome and provided by the
Developmental Studies Hybridoma Bank, Iowa City, IA, which is maintained
by N01-HD-7-3263 of the NICHD). Dissected gonads and embryos were scored
for altered GLP-1 and P granule expression and localization.
RNAi and immunofluorescence experiments
A cDNA fragment covering amino acids (aa) 9–167 of PUF-5 was PCR
amplified from pTE12.0, and cDNA covering aa 167–367 of PUF-6 was
amplified from pTE16.0. Both cDNA fragments contained terminal T3 and T7
promoters and were gel purified. Sense and antisense RNAs were made
separately from these templates (Megascript, Ambion) and were purified by
Sephadex G-50 spin column, phenol/chloroform extraction, and ethanol
precipitation. Equimolar sense and antisense RNAs were mixed, heated at
95 ° for 30 s, and annealed by step cooling in a thermocycler (Perkin Elmer). To
make dsRNAs for fbf-1 and puf-3, templates were made by RT PCR of adult
mRNA and gel purified, using gene-specific primers with phage promoters. For
all experiments unless stated otherwise, double-stranded RNAs were micro-
injected at 0.3 mg/ml into one gonad of N2 hermaphrodites, and animals were
incubated on standard OP50-seeded NGM plates at 20 °C for 25–26 h. For puf-5
and puf-6 double RNAi, incubation at 25 °C produced similar phenotypes as
20 °C (data not shown). Embryonic viability was assessed at the end of RNAi
incubation periods as described (Barbee and Evans, 2006), except that both
terminally arrested embryos and hatched larvae were counted. Non-injected
(control) N2 hermaphrodites were incubated in parallel for all experiments.
Control and RNAi-depleted hermaphrodites, terminal stage embryos (Barbee
and Evans, 2006), or embryos dissected from hermaphrodites were examined by
Nomarski microscopy using standard methods, or hermaphrodites were
dissected and fixed for immunofluorescence as described (Barbee et al.,
2002). Fixed gonads and embryos were stained with polyclonal anti-GLP-1 (a
gift of Judith Kimble), two polyclonal anti-GLD-1 antibodies (gifts of Tim
Schedl and Betsy Goodwin), polyclonal anti POS-1 (Barbee and Evans, 2006),
monoclonal anti-PGL-1 (K76, described above), polyclonal anti RME-2 (a gift
of Barth Grant), and DAPI as described (Barbee et al., 2002; Barbee and Evans,
2006). Indirect immunofluorescence images were captured from a Zeiss
Axioskop epifluorescence microscope using an Axiocam HRc digital camera
(Zeiss). For each experiment, non-injected control and RNAi depleted animals
were processed in parallel on separate slides, and UV intensity, exposure times,
and display adjustments were matched for GLP-1, GLD-1, RME-2, and POS-1
staining.
PUF-5 fusion proteins and antibodies
To make a full-length GST∷PUF-5 fusion, pTE14.0 was transformed in
BL21 codon plus (RIPL) cells (Stratagene), and cells were induced with 1 mM
IPTG for 2 h at 37 °C. Initially, inclusion bodies of GST∷PUF-5 were partially
purified (J. Ahringer, personal communication) and used directly as antigen in
rabbits by Josman LLC. GST∷PUF-5 solubilized by sarcosyl and purified on
glutathione resin, as described (Frangioni and Neel, 1993), was used for
immunization boosts. MBP∷PUF-5 was induced from pTE15.0 and purified on
amylose resin (New England Biolabs) by modifications of the same method.
Rabbit anti-PUF-5 antibodies were affinity purified on MBP∷PUF-5 covalently
linked to Affigel resin (BioRad).
Reporter mRNA assays
Capped and polyadenylated lacZ reporter mRNAs were made in vitro with
SP6 RNA polymerase, as described (Evans et al., 1994; Marin and Evans, 2003).
LacZ mRNAs with the full-length glp-1 3′UTR (lacZglp(wt)) or the glp-1 TCR
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templates. Non-injected control N2 hermaphrodites and N2 animals injected
with puf-5 and puf-6 dsRNAs were incubated on OP50-seeded plates for 18 h at
20 °C, and then gonads were injected with 50 nM reporter mRNAs into the
gonad distal core as described (Evans et al., 1994). Reporter mRNA-injected
animals were incubated for 5.5–6 h at 20 °C, and whole mounts were fixed and
stained with X-Gal (Evans et al., 1994). Stained animals were examined by both
bright-field and Normarski optics and were scored for βgal staining at 400×
magnification using bright-field optics.Fig. 2. PUF-5 and PUF-6/7 are required for late oogenesis. (A) PUF-5, PUF-6,
and PUF-7 each contain eight PUF repeats (blue boxes) and a C-terminal
conserved region (orange box). PUF-5 contains an N-terminal domain similar to
other PUF proteins (green box), which is not obvious in PUF-6 and PUF-7. (B
and C) Nomarski images of control (B) and puf-5;puf-6/7 (C) hermaphrodites
are shown with the distal to proximal (prox.) axis of the germ line marked. In the
puf-5;puf-6/7 animal (C), oocytes were of variable size, with some very small
cells (asterisks) detected near the proximal end. Yolk droplets (arrows) outside
of the gonad were common in puf-5;puf-6/7 animals. (D and E) DAPI-stained
oocytes in proximal gonads of control (D) and puf-5;puf-6/7 (E) animals are
shown. Most nuclei showed the condensed chromosomes (arrows) and their
compaction (arrowheads) typical of diakinesis and maturation. However, some
puf-5;puf-6/7 proximal nuclei that resembled pachytene nuclei (asterisks) were
detected in very small proximal cells. Scale bars are 10 μm.Results
Identification of puf-5 and related genes
To identify new factors that regulate maternal glp-1 mRNA,
we conducted an RNAi-based screen of germline-expressed
genes that were identified by microarray analyses (Reinke et al.,
2000), with a focus on 92 genes that contain potential RNA-
binding motifs. From this group of genes, we identified
F54C9.8 as a potential glp-1 regulator. F54C9.8 encodes
PUF-5, one of nine PUF domain proteins in C. elegans
(Zhang et al., 1997; Wickens et al., 2002). PUF domains are
sequence specific RNA-binding motifs found in diverse
metazoans (Wickens et al., 2002; Spassov and Jurecic, 2003).
Like other PUF proteins, PUF-5 includes a conserved core of
eight PUF repeats flanked by two additional conserved regions
(Fig. 2A). Among the C. elegans PUF proteins, PUF-5 is most
similar to PUF-6 and PUF-7 with 48% amino acid identity to
each of these proteins. PUF-6 and PUF-7 have 98% nucleic acid
and amino acid identity with each other suggesting very similar
if not identical functions for these proteins. For simplicity, we
refer to PUF-6 and PUF-7 as PUF-6/7, although their biological
functions may not be identical. PUF-5 homology to PUF-6/7
includes all PUF repeats and the C-terminal conserved domain
(CS2), with PUF repeats four through eight having the highest
identity. However, PUF-6 and PUF-7 lack the N-terminal
conserved sequence (CS1) that flanks the first PUF repeat in
PUF-5 and several other PUF proteins (Fig. 2) (Zhang et al.,
1997). PUF-5 and PUF-6/7 also contain N terminal extensions
that share no homology with each other or with other proteins.
A fourth locus puf-10 also has high (79%) nucleotide identity to
puf-6 and puf-7. However, puf-10 is probably a recently
inactivated pseudogene since both genomic and cDNA
sequences contain a 10-bp insertion in the middle of exon 3
that places an in frame stop codon between PUF repeats 3 and 4
(www.wormbase.org).
PUF-5 and PUF-6/7 are required redundantly for oocyte
formation
Previously, puf-5 and puf-6/7 were shown to function
redundantly for gametogenesis in the hermaphrodite germ line
(Lee and Schedl, 2001). We confirmed and extended these
observations by examining phenotypes induced by injection of
puf-5 and puf-6 double-stranded RNA (dsRNAs) into wild-type
(N2) hermaphrodites. Because puf-6 shares 98% nucleic acid
identity with puf-7, the puf-6 dsRNA used targets both mRNAs.
For simplicity, we refer to these RNAi depleted animals andtheir embryo progeny as puf-5 or puf-6/7 animals (or embryos)
for singly injected animals, or puf-5;puf-6/7 animals/embryos
when both dsRNAs were injected together.
Within each wild-type C. elegans gonad, germline stem cells
proliferate to reproduce themselves and to produce progeny that
enter meiotic prophase as they exit the distal tip region (Fig. 1).
These early meiotic nuclei in the distal arm reside around the
periphery of a syncytium with a common cytoplasmic core and
progress to meiotic pachytene as they approach the gonad bend.
As they enter the proximal gonad arm, germline nuclei exit
pachytene and the chromosomes condense as they progress to
diakinesis. In addition, oocyte nuclei enlarge substantially and
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proximal oocyte (McCarter et al., 1999). Plasma membranes
form to separate each nucleus and the cells grow to form a single
row of differentiating oocytes. In response to sperm signals, the
most proximal differentiated oocyte undergoes shape changes,
is ovulated, completes meiosis, and is fertilized to begin
embryogenesis in the uterus (McCarter et al., 1999).
RNAi of either puf-5 or puf-6/7 alone did not substantially
alter germline development in adult hermaphrodites. All gonads
of control (n=79), puf-5 (n=20), or puf-6/7 (n=24) animals
produced a normal single row of enlarging oocytes, in which
diakinesis-stage nuclei resided in a common central position as
seen by their common focal plane (Fig. 2B, data not shown). By
contrast, 88% of puf-5;puf-6/7 gonads (n=72) produced defects
during late oogenesis that were visible by Normarski micro-
scopy. Most gonads of puf-5;puf-6/7 animals had abnormally
small oocytes that often stacked within the ovary into two and
sometimes three rows (Fig. 2C). Oocytes in puf-5;puf-6/7
proximal arms varied in size; while most oocytes were reduced
in size, some oocytes were similar to control oocytes, and rare
very small cells with nuclei were occasionally observed within
the proximal half of the ovary (asterisks in Fig. 2C). The
positioning of puf-5;puf-6/7 oocyte nuclei and/or the cells
themselves was disorganized, as nuclei resided in variable focal
planes. In addition, the nuclei of puf-5;puf-6/7 oocytes failed to
enlarge to the same extent as control nuclei (Table 1). The
nucleoli within the nuclei of puf-5;puf-6/7 oocytes did become
smaller as oocytes neared the proximal end of the ovary,
although a small nucleolus often remained in the proximal-most
oocytes; 26% of control proximal nuclei (n=31) retained a very
small nucleolus or nucleolar fragments, while 64% of puf-5;
puf6/7 proximal nuclei (n=22) retained a clearly visible
nucleolus. PUF-5 and PUF-6/7 depletion also caused inefficient
uptake of yolk into oocytes from the intestine since large yolk
droplets accumulated within the pseudocoelom of all puf-5;puf-
6/7 animals examined (n=36) (arrowheads in Fig. 2C). The
distal arms of puf-5;puf-6/7 animals appeared similar to control
animals as judged by Nomarski microscopy, with numerous
germline nuclei residing around a typical cytoplasmic core.
However, we have not quantified germ cell numbers or
examined other specific properties of these early meiotic germ
cells. We conclude that PUF-5 and PUF-6/7 function redun-
dantly to promote oocyte growth, nuclear enlargement, yolk
uptake, and organization. Because RNAi cannot distinguishTable 1








N2 None 10.9±1.0 μm 678 μm3 33
N2 puf-5;puf-6/7 7.7±1.1 μmb 239 μm3 31
glp-1(q224) None 11.1±0.9 μm 716 μm3 21
glp-1(q224) puf-5;puf-6/7 8.1±1.6 μmb 278 μm3 12
a Diameters (mean±SD) of nuclei from the 3 most proximal oocytes that had
not been ovulated were measured from digital Nomarski images.
b Significantly different compared to N2 or glp-1(q224) controls (p<0.005).PUF-6 from PUF-7, we do not know if only one or both of these
proteins function with PUF-5 to control oogenesis.
The majority of DAPI-stained nuclei within the proximal
arm of dissected and fixed puf-5;puf-6/7 gonads appeared to
contain condensed chromosomes, suggesting that most nuclei
had exited pachytene and progressed towards diakinesis of
meiotic prophase like control nuclei (n>50) (Figs. 2D and 2E).
In addition, the most proximal oocytes of at least some puf-5;
puf-6/7 gonads exhibited hallmarks of maturation, including
chromosome compaction, cell shape changes, and nuclear
envelope breakdown although maturation success was not
quantified (Fig. 2E, data not shown). Some nuclei residing in
rare small proximal cells were similar to pachytene nuclei
suggesting that a few oocyte precursors failed to progress
normally from pachytene (asterisks in Fig. 2E). Therefore, PUF-
5 and PUF-6/7 may contribute to meiotic progression but are
either not essential or can promote this process with the low
protein levels that remain after RNAi. In the uteri of puf-5;puf-
6/7 gonads, a minority of oocyte-like cells were seen with a
single large nucleus and focus of DAPI staining, suggesting
DNA replication without nuclear or cell division after ovulation
(data not shown). This resembles the endomitotic (emo)
phenotype typical of oocytes that have undergone maturation
but failed to be fertilized (Ward and Carrel, 1979; Iwasaki et al.,
1996; McNally and McNally, 2005). Therefore, PUF-5 and
PUF-6/7 may contribute to efficient fertilization. It is unlikely
that any puf-5;puf-6/7 defects were due to altered sperm
development since hermaphrodites were injected with dsRNAs
after spermatogenesis was complete. Because the majority of
oocytes appeared to become fertilized embryos (described
below), any fertilization defect was not completely penetrant.
PUF-5 and PUF-6/7 are required for early embryonic cell
divisions
Depletion of PUF-5 and PUF-6/7 also caused severe defects
in embryogenesis. Of the embryos produced by puf-5;puf-6/7
animals, 91% failed to hatch (n=278). By contrast, only 6% of
puf-5 embryos (n=234) and 2% of puf-6/7 embryos (n=217)
arrested, which is similar to low-level arrest induced by non-
specific dsRNA injection (data not shown). Thus, PUF-5 and
PUF-6/7 function redundantly to promote embryonic develop-
ment. When puf-5 or puf-6/7 dsRNAs were injected alone at
higher concentrations (2–4 mg/ml), low levels of embryonic
arrest (10–36%) were observed. This result could be due to
more complete knock down of partially redundant PUF proteins
or loss of multiple puf mRNAs with high levels of a single
dsRNA (off-target RNAi). If off-target RNAi occurred however,
it was limited to puf-5, puf-6, and puf-7 since RNAi of the
related PUF proteins FBF-1/2 and PUF-3 did not produce these
phenotypes even at high dsRNA concentrations (data not
shown). Strong oogenesis and embryonic defects were only
detected when puf-5 and puf-6 dsRNAs were injected together
at lower dsRNA concentrations (0.3 mg/ml), perhaps because of
RNAi suppression effects when dsRNA levels are too high
(Parrish et al., 2000). In addition, low levels (0.3 mg/ml) of puf-
5 dsRNA caused severe loss of PUF-5 protein while puf-6
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of RNAi under these conditions (described below, see Fig. 7).
Therefore, low dsRNA levels were used for all experiments
except where specified.
Many puf-5;puf-6/7 embryos were fragile and lost structural
integrity within a few hours after being laid onto growth plates
(data not shown). To investigate these embryonic defects, early
stage embryos were removed from puf-5;puf-6/7 uteri and
examined by Nomarski microscopy. Eighty-three percent of
puf-5;puf-6/7 early stage embryos lacked an obvious eggshell
(n=105) (compare Figs. 3A and 3C with 3B and 3D). By
contrast, all control embryos examined had a detectable
eggshell (n>50) (arrows in Figs. 3A and 3C). In addition,
88% of puf-5;puf-6/7 embryos with more than one nucleus
either had no detectable or incomplete cellularization suggest-
ing defects in cytokinesis during the first cell cycle or in
subsequent stages (n=91) (Figs. 3B and 3D, data not shown).
DAPI staining of puf-5;puf-6/7 embryos revealed that nuclei
were often abnormal in size indicating possible defects in
chromosome separation or nuclear fusion events (Fig. 3F, dataFig. 3. PUF-5 and PUF-6/7 are required for eggshell formation and cytokinesis
in the early embryo. (A–D) Shown are Nomarski images of early stage embryos
dissected from control (A, C) and puf-5;puf-6/7 (B, D) animals and incubated
30–35 min at room temperature. Anterior is to the left and dorsal is up. The
control 4-cell embryo progressed to the 14- to 16-cell stage. The puf-5;puf-6/7
embryo (B) initially had 3 nuclei and a partial cleavage furrow (arrowheads) that
failed to complete and disappeared; positioning of this furrow suggests some
degree of polarity was established. Eggshells typical of control embryos (arrows
in panels A and C) were not detected in puf-5;puf-6/7 embryos (B, D). The puf-
5;puf-6/7 embryo generated 6 nuclei (two are out of focus) without cytokinesis
and arrested (D). (E and F) PGL-1 (green, arrows) and DAPI (blue) staining of a
6- to 7-cell control embryo (E) and a puf-5;puf-6/7 embryo with 5–6 nuclei (F).
The puf-5;puf-6/7 nuclei were abnormally variable in size and position, but P
granules (arrow) were localized confirming establishment of anterior to posterior
polarity. Scale bars are 10 μm.not shown). To examine these cell division phenotypes further,
early stage embryos were examined over time (Fig. 3). Of
seven puf-5;puf-6/7 embryos examined, three embryos exhib-
ited two to four nuclear divisions without cytokinesis and then
arrested (Figs. 3B and 3D), one embryo/oocyte arrested with a
single enlarged nucleus, and three embryos underwent multiple
nuclear and/or partial cell divisions before arresting without
any obvious cell movements or differentiation. The embryo in
Fig. 3B initiated a cleavage furrow, which then regressed and
disappeared suggesting failure at a late stage of cytokinesis
(arrowheads in Fig. 3B). Over the same time frame, control
embryos developed to about the 50-cell stage, with normal
timing and orientation of blastomere divisions (n=6) (Figs. 3A
and 3C, data not shown). Although we did not directly observe
fertilization of puf-5;puf-6/7 oocytes, several observations
suggest that most embryos with cell division and eggshell
defects were fertilized. First, many puf-5;puf-6/7 embryos with
abnormal nuclei or clear cytokinesis defects were polarized, as
evident from the localization of P granules or POS-1 (n=10–
35) (Fig. 3F, Supplemental Fig. 1) or by asymmetric posi-
tioning of cleavage furrows (n=16) (Fig. 3B). Early polarity
depends on sperm components delivered by fertilization
(Goldstein and Hird, 1996). Second, only one of seven puf-
5;puf-6/7 oocytes/embryos observed over time arrested with a
single enlarged nucleus that is typical of unfertilized
endomitotic oocytes (Ward and Carrel, 1979; Iwasaki et al.,
1996; McNally and McNally, 2005). We conclude that PUF-5
and PUF-6/7 are required for normal cytokinesis, nuclear
divisions, and eggshell formation after fertilization in the early
embryo.
PUF-5 and PUF-6/7 repress GLP-1 expression in late stages of
oogenesis
To examine the role of PUF-5 and PUF-6/7 in Notch/glp-1
regulation, gonads were dissected from puf-5;puf-6/7 animals
and stained with GLP-1 antibodies. In all control gonads
(n=28) and puf-6/7 single RNAi gonads (n=22), GLP-1
staining was high in membranes near the distal tip but GLP-1
levels were very low in the distal arm and in oocytes of the
proximal arm (Fig. 4A), as expected from previous studies
(Crittenden et al., 1994). By contrast, 83% of puf-5;puf-6/7
gonads (n=35) expressed high levels of GLP-1 in proximal
germ cells and oocytes that were similar to the level of GLP-1
staining in mitotic cells of the distal tip (compare Fig. 4A with
Fig. 4B). Ectopic GLP-1 expression in puf-5;puf-6/7 animals
was limited to early stage oocytes near the gonad bend and
differentiating oocytes in the proximal arm; GLP-1 remained
undetectable within the syncytium and early meiotic germ cells
of the distal arm in all puf-5;puf-6/7 gonads examined (n=35)
(Fig. 4B). GLP-1 expression in puf-5;puf-6/7 gonads was
highest in the more distal oocytes closest to the gonad bend,
often decreased in the most proximal oocytes, and was generally
low in early stage embryos (Fig. 4B, data not shown). RNAi
depletion of FBF-1 or PUF-3 did not cause ectopic GLP-1
expression in all gonads examined (n=14–16) (data not
shown). These results suggest that PUF-5 and PUF-6/7 are
Fig. 4. PUF-5 and PUF-6/7 are required for GLP-1 repression during late oogenesis. (A and B) Non-injected control (A) or puf-5;puf-6/7 (B) gonads were stained for
GLP-1 (red) and DAPI (blue). The distal to proximal axis is indicated, with “distal” marking the meiotic region of the distal arm. The bend regions with early stage
post-pachytene oocytes (arrows) and proximal regions with later stage oocytes (arrowheads) are marked. GLP-1 was strongly expressed in puf-5;puf-6/7 and
accumulated in cytoplasmic structures that are presumably membrane-bound secretory and/or endocytic structures. Insets show distal tip regions from the same control
(A) and puf-5;puf-6/7 (B) slides; GLP-1 is predominantly associated with plasma membranes in both. The gonads in panels A and B were stained in parallel from the
same experiment, and exposure times and adjustments for GLP-1 staining were the same. dsRNAs for this experiment were injected at 0.3 mg/ml. (C) Proximal gonad
after injection of 4 mg/ml puf-5 dsRNA; GLP-1 (red) staining was high relative to distal tips on the same slide (not shown), but oocytes (arrowheads) were
morphologically similar to control gonads, and >80% of embryos developed into normal hermaphrodites (n>100) (not shown). (D and E) Shown is RME-2 (red)
staining in the proximal-most regions of a control gonad (D), where staining is mostly plasma membrane-associated, and a puf-5;puf-6/7(RNAi) (E) gonad, where
staining is mostly cytoplasmic. Scale bars are 10 μm.
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of late oogenesis. When puf-5 dsRNA was injected alone at
higher concentrations (2–4 mg/ml), some gonads expressed
high GLP-1 levels even though oogenesis appeared normal and
the majority of embryo progeny grew into fertile hermaphro-
dites (Fig. 4C, data not shown). This result suggests that ectopic
GLP-1 expression is not dependent on defective oocyte forma-
tion per se.
PUF-5 and PUF-6/7 are required for efficient localization of
the yolk receptor to plasma membranes
Curiously, ectopic GLP-1 that was made by puf-5;puf-6/7
gonads was rarely detected in oocyte plasma membranes.
Instead, GLP-1 staining was usually clustered near oocyte
nuclei or resided in scattered punctate structures in the
cytoplasm (Fig. 4B). This localization is consistent with GLP-
1 translation at the ER, transport to the Golgi and some
membrane vesicles, but poor trafficking to or maintenance in
oocyte plasma membranes. By contrast, GLP-1 in distal mitotic
germ cells of both puf-5;puf-6/7 and control gonads was
primarily localized to plasma membranes (see insets in Figs. 4A
and 4B). This result could be due to GLP-1-specific differences
in oocytes such as altered activity of known Notch processing
enzymes that control Notch trafficking or high endocytosis of
GLP-1 (Baron, 2003). Alternatively, puf-5;puf-6/7 oocytes may
be more broadly defective in membrane protein localization. Totest this latter possibility, we examined the LDL-related receptor
RME-2, which is synthesized in oocytes and is required for
endocytosis of yolk lipids secreted from intestinal cells (Grant
and Hirsh, 1999; Lee and Schedl, 2001). In all control gonads
(n=21), RME-2 accumulated first in cytoplasmic puncta in late
pachytene oocytes and then strongly stained the oocyte surfaces
in the proximal arm, with the most proximal oocytes typically
having the highest staining at the surface indicative of plasma
membrane localization (Fig. 4D). By contrast, RME-2 staining
remained mostly cytoplasmic in oocytes in all puf-5;puf-6/7
gonads examined (n=12). In the most severely defective puf-5;
puf-6/7 gonads, RME-2 staining was restricted to clustered
perinuclear areas and punctate structures in the cytoplasm even
in the most proximal oocytes (Fig. 4E). This result suggests that
PUF-5 and PUF-6/7 are required for efficient incorporation or
maintenance of RME-2 in the oocyte plasma membrane. The
accumulation of yolk in the pseudocoelom of puf-5;puf-6/7
animals (Fig. 2C) is consistent with this idea since RME-2 is
required for yolk lipid uptake into oocytes (Grant and Hirsh,
1999). A general defect in membrane protein targeting could
also explain why ectopic GLP-1 protein remains cytoplasmic in
puf-5;puf-6/7 oocytes. However, ectopically expressed GLP-1
was not detected at the oocyte surface even in puf-5 gonads
where other oocyte defects were not obvious (Fig. 4C). Thus, it
is possible that Notch processing/targeting activities are
normally inhibited in C. elegans oocytes relative to distal tip
germ cells.
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does not depend on repression of GLP-1 activity
In principle, PUF-5 and PUF-6/7 could promote oocyte
formation by specifically repressing Notch/glp-1 expression. If
this were the case, loss of GLP-1 activity should suppress
oogenesis defects in puf-5;puf-6/7 animals. To test this pos-
sibility, we depleted PUF-5 and PUF-6/7 in a glp-1(q224ts)
mutant and examined oocyte and early embryo development.
The glp-1(q224) mutation is a single amino acid substitution
that causes temperature sensitive loss of GLP-1/Notch signaling
equivalent to defects induced by null mutations (Austin and
Kimble, 1987; Kodoyianni et al., 1992). Upon shift to restrictive
temperature, glp-1(q224) germline stem cells rapidly exit
mitosis and enter meiosis leading to reduced germ cell numbers,
and glp-1(q224) embryos have normal early cell divisions but
arrest with cell fate patterning defects (Austin and Kimble,
1987; Priess et al., 1987; Mello et al., 1994). Mutant glp-1
(q224) animals were reared to young adults at permissive
temperature to allow germline proliferation and oocyte forma-
tion. These animals were then injected with puf-5 and puf-6
dsRNAs and shifted to restrictive temperature (25 °C) for 22 h.
All gonads of both uninjected glp-1(q224) (n=17) and injected
glp-1(q224);puf-5;puf-6/7 (n=18) animals contained fewer
germ cells and oocytes than wild-type animals grown in parallel
(data not shown; compare Fig. 5Awith Fig. 2B). This suggests
that Notch signaling was inactivated in glp-1(q224) and glp-1
(q224);puf-5;puf-6/7 animals, as expected from previous
studies (Austin and Kimble, 1987). Uninjected glp-1(q224)
oocytes, however, were of normal size and had typically
enlarged nuclei (Fig. 5A, Table 1). By contrast, glp-1(q224);
puf-5;puf-6/7 oocytes were small, abnormal, and contained
nuclei that were reduced in size to the same extent as in puf-5;Fig. 5. Loss of GLP-1 function does not suppress oogenesis defects in puf-5;puf-
6/7 animals. (A) A glp-1(q224ts) animal grown to a young adult at 15 °C and
shifted to 25 °C for 22 h; the gonad contained fewer distal germ cells (“distal”)
and oocytes (arrowheads) than N2 animals grown in parallel (not shown), which
resembled N2 animals grown at 20 °C (see Fig. 2B). (B) A glp-1(q224ts) animal
grown in parallel to the animal in A, injected with puf-5 and puf-6 dsRNAs and
shifted to 25 °C for 22 h. Oocytes (arrowheads) and small oocyte-like cells
(asterisks) are marked.puf-6/7 gonads (Fig. 5B, Table 1). Similarly, puf-5;puf-6/7
(RNAi) was also epistatic to glp-1(q224) in embryos; 89% of
glp-1(q224);puf-5;puf-6/7 embryos (n=35) had cytokinesis
defects identical to puf-5;puf-6/7 embryos, while all glp-1
(q224) embryos had normal early cell divisions (n=92) but
arrested with cell fate and morphogenesis defects after the
100-cell stage (n>100) (data not shown). Therefore, most if
not all oogenesis and embryonic defects induced by PUF-5
and PUF-6/7 depletion were not due to ectopic GLP-1/Notch
signaling activity. These results suggest that PUF-5 and PUF-
6/7 control oocyte formation and embryonic cytokinesis by
regulating other maternal factors besides GLP-1. Alternatively,
GLP-1 repression could be important to prevent signaling-
independent interference with factors that are needed for these
processes.
To determine if PUF-5 and PUF-6/7 are generally required
for repression of maternal gene products, we examined the
expression of GLD-1 and POS-1 in puf-5;puf-6/7 gonads. Like
GLP-1, GLD-1 and POS-1 proteins are normally not expressed
during late oogenesis while their mRNAs remain abundant until
early embryogenesis (Jones and Schedl, 1995; Tabara et al.,
1999; Barbee and Evans, 2006). Depletion of PUF-5 and PUF-
6/7 did not perturb repression of either GLD-1 or POS-1 in late
stage oocytes (Supplemental Fig. 1). GLD-1 staining was strong
in early stage germ cells of the distal arm but became
undetectable in proximal oocytes in all control (n=22) and
puf-5;puf-6/7 (n=24) gonads examined, even in gonads with
strong defects in oogenesis. POS-1 staining was low in the germ
line of all control (n=22) and puf-5;puf-6/7 gonads (n=19) but
was strongly expressed in early embryos (Supplemental Fig. 1).
Thus, either repression of gld-1 and pos-1 does not require
PUF-5 and PUF-6/7, or low residual levels of PUF activity are
sufficient to repress these maternal factors.
PUF-5 and PUF-6/7 function through specific elements in the
glp-1 3′UTR
PUF-5 and PUF-6/7 could prevent GLP-1 expression in
oocytes by repressing glp-1 mRNA or by stimulating turnover
of the GLP-1 receptor. To test whether PUF-5 and PUF-6/7
control mRNA translation through the glp-1 3′UTR, we made a
capped and polyadenylated reporter mRNA in vitro that carried
the full-length glp-1 3′UTR (lacZglp(wt)) and then directly
injected this mRNA into control or puf-5;puf-6(RNAi) gonads
(Materials and methods). When lacZglp(wt) mRNA was
injected into control animals, β-galactosidase (βgal) was low
or undetectable in distal meiotic germ cells and was
undetectable in proximal oocytes of all injected gonads (Fig.
6A and Table 2); staining was restricted to embryos in the uteri
of these gonads, similar to previous results (Evans et al., 1994;
Marin and Evans, 2003). By contrast, when lacZglp(wt) was
injected in puf-5;puf-6/7 animals, βgal was detected in oocytes
of the proximal gonads of most injected animals (Fig. 6B, Table
2). The lacZglp(wt) mRNA remained repressed in most distal
gonad arms in puf-5;puf-6/7 animals (Fig. 6B, Table 2). A lacZ
mRNAwith no natural 3′UTR (lacZ) produced high amounts of
βgal through all regions of the gonad and embryo (Table 2).
Fig. 6. Translational repression through glp-1 3′UTR elements requires PUF-5 and PUF-6/7. Each panel shows whole mount bright-field images of animals injected
with lacZ reporter mRNAs and stained for βgal (blue). The lacZ coding sequence includes a nuclear localization signal (NLS). The positions of proximal oocyte nuclei
(arrowheads) and distal syncytia (boxes) are shown. (A–D) Control or puf-5;puf-6/7 gonads were injected with lacZ reporter mRNAwith a full-length glp-1 3′UTR
(diagramed above), which includes the SCR (green and orange boxes), the TCR (blue box), and sequences not required for regulation (white box). (E–H) Control or
puf-5;puf-6/7 gonads were injected with reporter mRNA carrying only the TCR (diagramed above). (C, D, G, and H) Proximal gonad regions are shown with the
proximal ends to the right; the most proximal oocyte is labeled +1 and more distal oocytes are labeled sequentially (+2 to +5). Unstained oocyte nuclei are outlined in
red. Companion Nomarski images (not shown) in the same focal plane were used to verify nuclear positions.
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translational repression through the glp-1 3′UTR, but only in
late stages of oogenesis. Alternatively, PUF-5 and PUF-6/7
might normally destabilize mRNAs with the glp-1 3′UTR in
oocytes, a possibility we have not ruled out directly. However,
injected lacZglp(wt) mRNA and endogenous glp-1 mRNA are
not destabilized in late oogenesis, when these PUFs are
expressed (described below) and functional, and remain
abundant and stable until early embryogenesis (Crittenden et
al., 1994; Evans et al., 1994; Marin and Evans, 2003; Barbee
and Evans, 2006). In addition, lacZglp(wt) mRNA is equally
stable as lacZ mRNA lacking elements during this entire period
showing that glp-1 elements do not confer instability in oocytesTable 2
PUF-5 and PUF-6/7 are required for mRNA repression through the glp-1 3′UTR





lacZglp(wt) puf-5;puf-6/7 13 5
lacZglp(TCR) None 97 1
lacZglp(TCR) puf-5;puf-6/7 82 8
lacZ None 100 10
a Reporter mRNAs with full-length glp-1 3′UTR (lacZglp(wt)), the TCR only (lac
puf-6/7 gonads. Only gonads that produced βgal in one or more germline regions o
produced no detectable βgal were not included in the analysis. n=the number of go
b βgal was not detectable in proximal-most 1 or 2 oocytes in 61% of scoreable go
c In all of these proximal gonads, βgal was restricted to the most proximal 1–3 o
d 89% of these gonads had strong βgal in proximal-most oocytes, while 11% had r
be identified in 3 gonads).(Evans et al., 1994; Marin and Evans, 2003). The simplest
hypothesis therefore is that PUF-5 and PUF-6/7 promote
translational repression through the glp-1 3′UTR, although
their mechanisms remain to be investigated.
Two different regions of the glp-1 3′UTR mediate transla-
tional repression in the C. elegans germ line (Fig. 6) (Evans et
al., 1994; Marin and Evans, 2003). A central region, called the
SCR (for spatial control region), represses translation primarily
in early stage germ cells of the distal arm and contains a GLD-1
binding site that is essential for this activity (Marin and Evans,
2003). A second region at the 3′ end, called the TCR (for
temporal control region), is also necessary for repression during
oogenesis, but the factors that function through this region arewith βgal in oocytes a % with βgal in
embryos a
n
4 oocytes ≤3 oocytes
0 0 100 24
8 b 42 b 53 19
9 16 c 52 32
6 d 9 d 64 22
0 0 100 29
Zglp(TCR)), or no 3′UTR (lacZ) were injected into control (no RNAi) or puf-5;
r in embryos in the uterus were scored for location of expression; gonads that
nads with βgal in one or more locations.
nads (n=18; proximal-most oocyte could not be identified for one gonad).
ocytes.
educed βgal in proximal-most oocytes (n=19; proximal-most oocytes could not
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6/7 function through the glp-1 TCR, we made and injected a
reporter mRNA that contains only the glp-1 TCR as its 3′UTR
(lacZglp(TCR)). When lacZglp(TCR) mRNAwas injected into
control animals, βgal staining was detected in most distal arms,
as expected for an mRNA lacking the SCR and GLD-1 binding
site (Fig. 6E, Table 2). However, βgal was not detected in most
oocytes with lacZglp(TCR) mRNA (Fig. 6E, Table 2). By
contrast, a lacZ mRNAwith no glp-1 elements was translated in
all gonad regions and in embryos (Table 2), as was seen
previously (Evans et al., 1994; Marin and Evans, 2003; Mootz
et al., 2004). These results show that the TCR alone can repress
translation in late stages of oogenesis in normal hermaphrodites,
although it is not completely sufficient for full repression (Table
2). When lacZglp(TCR) mRNA was injected into puf-5;puf-6
(RNAi) animals, strong increases in βgal activity were detected
in oocytes of most injected gonads (Figs. 6F and 6H, Table 2).
Therefore, PUF-5 and PUF-6/7 are required for repression
through the glp-1 TCR during late oogenesis.
Several observations suggest that PUF-5 and PUF-6/7 may
function prior to terminal oocyte differentiation. As discussed
above, ectopic GLP-1 expression in puf-5;puf-6(RNAi) animals
decreased in the proximal-most oocytes and zygotes (Fig. 4B,
data not shown). Similarly, depletion of PUF-5 and PUF-6/7
induced ectopic lacZglp(wt) translation primarily in distally
located oocytes. All puf-5;puf-6/7 gonads translated lacZglp
(wt) in oocytes, but 61% had undetectable or strongly reducedFig. 7. PUF-5 is restricted to a specific period of late oogenesis. (A) Dissected contro
(blue). PUF-5 expression begins in late pachytene just before the gonad bend (small a
outline). (B–D) The bend region of the gonad in panel A, rotated such that proximal
(E) Proximal oocytes from a puf-6/7(RNAi) gonad stained for PUF-5 (red). Similar t
disappeared in the most proximal oocyte (large arrow, dashed outline). (F) Proxima
panels were stained in parallel from the same experiment and exposure times for each
left and proximal is to the right in all panels.βgal activity in the most proximal one to three oocytes (n=18)
(Fig. 6D). These results are consistent with the idea that
additional unknown factors, not perturbed by PUF depletion,
repress translation during this latest stage of oogenesis and after
fertilization. Alternatively, puf-5;puf-6/7 loss could lead to
instability of reporter mRNAs or βgal protein at this late stage.
However, lacZglp(TCR) mRNA in puf-5;puf-6/7 animals
produced strong βgal staining in 89% of proximal-most oocytes
(n=19), suggesting that additional 3′UTR elements are needed
to fully suppress βgal expression at this stage. In support of this,
some control gonads translated lacZglp(TCR) mRNA in
oocytes, but only in the most proximal oocytes (Fig. 6G,
Table 2) unlike lacZglp(wt), which was strongly repressed in all
oocytes and zygotes in both this and previous studies (Fig. 6C,
Table 2) (Evans et al., 1994; Marin and Evans, 2003). Together,
these results suggest that other factors and sequences outside of
the TCR are needed for full repression during terminal stages of
oocyte formation and early embryogenesis. PUF-5, PUF-6/7,
and some TCR elements may function mostly prior to terminal
oocyte differentiation, maturation and fertilization.
Loss of PUF-5 and PUF-6/7 also partly inhibited activation
of lacZglp(wt) reporter mRNA in embryos (Table 2). Endo-
genous GLP-1 was also expressed poorly in puf-5;puf-6/7
embryos compared to control embryos (n>50) (data not
shown). A simple explanation for this result is that cytokinesis
defects disrupt localization or activity of glp-1 mRNA
regulators in puf-5;puf-6/7 embryos. Excessive unlocalizedl gonad stained for PUF-5 (red), the P granule protein PGL-1 (green), and DNA
rrow) but is strongly repressed in the most proximal oocyte (large arrow, dashed
is to the right. Some PUF-5 (B, D) co-localizes with PGL-1 (C, D) in P granules.
o non-injected controls, PUF-5 staining was strong in differentiating oocytes but
l oocytes from a puf-5(RNAi) gonad stained for PUF-5 (red). The gonads in all
were the same. Some residual PUF-5 staining is detectable in (F). Distal is to the
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could result in poor protein expression in the embryo.
Surprisingly, the lacZglp(TCR) mRNA was not translated
strongly even in control embryos (Table 2, data not shown);
this mRNA lacks the SCR and other glp-1 sequences that might
promote mRNA stability or translational activation.
PUF-5 expression in the gonad is restricted to a specific period
of late oogenesis
To determine the expression pattern of PUF-5 during germ
cell and embryonic development, we stained adult gonads and
embryos with antibodies raised against PUF-5 fusion proteins.
Interestingly, strong PUF-5 staining was detected specifically in
differentiating oocytes (Fig. 7A). PUF-5 staining was very low
throughout the mitotic and meiotic regions of the distal arm of
all gonads examined (n>50) (Fig. 7A, data not shown). PUF-5
expression was first detected near the gonad bend, where germ
cell nuclei were in late stages of pachytene, and increased as
germ nuclei exited pachytene and moved into the proximal arm,
with highest expression in developing oocytes in the distal
portion of the proximal gonad. Remarkably, PUF-5 staining
abruptly disappeared in the proximal-most one to three oocytes
(large arrows in Figs. 7A and 7E) and was very low in early
stage embryos (n>50) (data not shown). PUF-5 staining in
oocytes was mostly cytoplasmic, but some PUF-5 was detected
in perinuclear and cytoplasmic P granules as judged by co-
localization with PGL-1 (Figs. 7B–7D). P granules are large
ribonucleoprotein particles required for germ cell development
but their molecular functions are not understood (see Discus-
sion) (Seydoux and Schedl, 2001; Strome, 2005). This staining
pattern is largely if not exclusively due to PUF-5 protein since
PUF-5 staining was strongly reduced or eliminated in 95% of
puf-5 gonads (n=37) but remained strong like control gonads
in 97% percent of puf-6/7 gonads (n=35) (compare Figs. 7E to
7F). Low levels of PUF-5 staining however were detected in
some puf-5 gonads, which could be due either to residual PUF-5
or to some cross-reactivity to PUF-6/7. PUF-5 antibodies also
stained what appeared to be centrosomes during mitosis in the
distal gonad tip and in embryos, but this staining was not
reduced by puf-5 or puf-6/7 RNAi and thus may be non-specific
(data not shown). We conclude that PUF-5 is expressed during a
specific period of late oogenesis in adult hermaphrodites, from
late pachytene to late diakinesis, but its expression is rapidly
repressed prior to terminal oocyte differentiation or maturation.
This expression pattern closely mirrors the spatial restriction of
PUF-5 and PUF-6/7 function during late oogenesis. PUF-5
expression during late embryonic and larval development has
not been investigated.
Discussion
During C. elegans oogenesis, various maternal mRNAs are
regulated in specific patterns that are linked to specific stages of
germ cell development. The results of this study suggest that
the PUF domain RNA-binding proteins PUF-5 and PUF-6/7
comprise part of a maternal mRNA control system that isexpressed and functions during a specific period of late
oogenesis. These PUF proteins are required for late stages of
oocyte differentiation. Moreover, they directly or indirectly
promote repression of Notch/glp-1 mRNA translation through
elements of the glp-1 3′UTR. In addition, PUF-5 and PUF-6/7
likely control other mRNAs since their control of oocyte
formation does not depend on repression of GLP-1 activity. The
PUF-dependent regulation of endogenous glp-1 and reporter
mRNA with the glp-1 3′UTR is most prominent during a
specific period of late oogenesis, beginning as oocytes
differentiate and declining prior to terminal oocyte maturation.
In support of this temporal specificity, PUF-5 expression is
tightly limited to this same developmental period; PUF-5 first
accumulates in late meiotic pachytene and is rapidly eliminated
during the last stages of oocyte formation. This result implies
that an unknown regulatory system is required to maintain
silencing of glp-1 and likely other mRNAs during oocyte
maturation and fertilization.
Multiple regulators function in distinct germline domains to
create patterns of maternal mRNA regulation
This work together with previous studies suggests a model
for how different germline control systems are combined to
create the specific translation pattern for Notch/glp-1 mRNA
(Fig. 8). The GLP-1 receptor is made in mitotic germ cells, but
translation is then silenced until early embryogenesis (Critten-
den et al., 1994; Evans et al., 1994). The KH protein GLD-1
directly represses glp-1 translation during early stages of
meiosis (Marin and Evans, 2003). In mitotic germ cells, the
PUF proteins FBF-1 and FBF-2 may help promote glp-1
translation by repressing GLD-1 expression (Crittenden et al.,
2002). As germ cells exit pachytene, GLD-1 disappears and
PUF-5 and presumably PUF-6 and/or PUF-7 accumulate to
maintain glp-1 mRNA repression. Our findings further suggest
that during the last stages of oogenesis an unknown regulator
arises to continue glp-1 repression until the 2-cell stage of
embryogenesis, when newly made regulators accumulate in
specific cells to localize GLP-1 translation to anterior blasto-
meres. Embryonic regulators include newly made GLD-1, POS-
1, and a derepressor activity that may include the RRM protein
SPN-4 (Marin and Evans, 2003; Ogura et al., 2003). Additional
components of these regulatory systems must exist, as these
RNA-binding proteins are likely to function in multifactor
complexes and must be linked to various developmental control
pathways.
Why is there such complexity to glp-1 mRNA regulation?
Each of these regulatory systems is likely to control both oocyte
and embryo development by regulating multiple maternal
mRNAs. GLD-1 has numerous mRNA targets, suggesting
that it broadly imposes translational repression on many
maternal mRNAs (Jan et al., 1999; Lee and Schedl, 2001; Xu
et al., 2001; Marin and Evans, 2003; Mootz et al., 2004; Ryder
et al., 2004). Our results suggest that PUF-5 and PUF-6/7 may
have a more selective collection of targets since POS-1 and
GLD-1 repression during late oogenesis were insensitive to
PUF depletion. Given that another oocyte RNA-binding protein
Fig. 8. Model for patterning of glp-1 mRNA translational control by a succession of spatially restricted regulators. The PUF proteins FBF-1 and FBF-2 (FBF) may
promote GLP-1 translation in mitotic cells by repressing GLD-1 (Crittenden et al., 2002). GLD-1 directly represses glp-1 translation in meiotic cells during early
oogenesis (Marin and Evans, 2003). PUF-5 and PUF-6/7 (PUFs) then accumulate to repress glp-1 directly or indirectly (this study). An unknown factor is then
proposed to maintain repression as oocytes complete differentiation and become fertilized (this study). Newly made maternal factors, including GLD-1, POS-1, and a
de-repressor, then promote anterior translation of GLP-1 to spatially pattern Notch signaling (Marin and Evans, 2003; Ogura et al., 2003).
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1996; Crittenden et al., 1997; Mootz et al., 2004), mRNA
controls may diversify as oocytes begin to form. However, we
predict that PUF-5 and PUF-6/7 are nonetheless likely to have
several mRNA targets, which can explain why PUF depletion
phenotypes are insensitive to GLP-1 function. The diversity of
regulatory systems and their distinct domains of function are
therefore likely to be important for two reasons. First, different
systems can be combined to generate distinct translation
patterns for many different mRNAs during oogenesis and in
the embryo. Second, the complimentary expression patterns for
key regulators are likely needed to orchestrate the complex
events of meiosis and oogenesis. In support of this, GLD-1 is
essential for commitment to early meiosis and oogenesis
(Francis et al., 1995a,b), and PUF-5 and PUF-6/7 are critical
for executing late stages of oocyte formation (this study) (Lee
and Schedl, 2001). Interestingly, GLD-1 helps establish the
spatial restriction of late oogenesis regulators since GLD-1
represses MEX-3 expression in the distal arm (Mootz et al.,
2004) and directly associates with puf-5 and puf-6/7 mRNAs
perhaps to repress their translation (Lee and Schedl, 2001).
Most mRNA targets that are necessary to coordinate oocyte
development are not defined. One contributing mRNA may be
rme-2, which encodes an LDL-like receptor for yolk uptake into
oocytes (Grant and Hirsh, 1999). The rme-2 mRNA is directly
repressed by GLD-1 in early meiosis, and loss of GLD-1 during
late oogenesis is thus likely necessary for efficient yolk uptake
in oocytes (Lee and Schedl, 2001). We found that PUF-5 and
PUF-6/7 are not required for RME-2 synthesis but are needed
for efficient localization of RME-2 to the oocyte surface. The
best-studied PUF proteins all appear to inhibit mRNA activity
(Wickens et al., 2001; Spassov and Jurecic, 2003). Therefore,
PUF-5 and PUF-6/7 may repress an mRNA that encodes a
regulator of membrane vesicle targeting or endocytosis.
Repression of such a target may be critical not only for yolk
uptake but possibly the proper membrane growth necessary for
oocyte formation. We predict that repression of other PUF-5 and
PUF-6/7 mRNA targets will contribute to other aspects of
oocyte differentiation such as changes in nuclear morphology.
PUF-5 was found predominantly in the cytoplasm, which is
consistent with control of translation and/or stability of itsmRNA targets. Intriguingly, we also detected PUF-5 in P
granules, which are large germ cell-specific RNP particles with
poorly understood molecular functions (Seydoux and Schedl,
2001; Strome, 2005). In early stage oocytes near the gonad
bend, P granules are tightly associated with the cytoplasmic side
of nuclear pores and contain several regulated maternal mRNAs
(Pitt et al., 2000; Schisa et al., 2001). One hypothesis is that P
granules organize assembly of mRNA/protein complexes
(mRNPs) as mRNAs exit the nucleus. Perhaps PUF-5
association with P granules represents initial formation of
PUF-5-regulated mRNPs.
PUF-5 and PUF-6/7 control of early embryogenesis
We also found that PUF-5 and PUF-6/7 are necessary for
cytokinesis and eggshell formation in the embryo. Given that
PUF-5 is mostly restricted to oogenesis and can substitute for
PUF-6/7, we predict that repression of mRNA targets in
oocytes is necessary for these early events in the embryo.
Premature expression of cell division regulators in oocytes
may interfere with cytokinesis in embryos. Intriguingly, loss of
the RNP-associated protein CAR-1, which is expressed in
oocytes and embryos, also causes embryonic cytokinesis
defects further suggesting links between maternal mRNA
regulation and cell division execution (Audhya et al., 2005;
Boag et al., 2005; Squirrell et al., 2006). The PUF-dependent
repression of other mRNAs in oocytes may be important for
eggshell protein synthesis or secretion after fertilization.
Perhaps the PUF-dependent control of membrane targeting
needed to efficiently localize RME-2 to the oocyte plasma
membrane is also required for secretion of eggshell compo-
nents in the embryo.
New roles for the PUF family in development
Previous studies have defined important functions for PUF
proteins in development. In C. elegans, PUF proteins are vital
to control of primordial germ cell movements and proliferation
in the early embryo, and for germline stem cell proliferation and
fate decisions in adult gonads (Zhang et al., 1997; Subramaniam
and Seydoux, 1999; Crittenden et al., 2002; Subramaniam and
647A.L. Lublin, T.C. Evans / Developmental Biology 303 (2007) 635–649Seydoux, 2003; Bachorik and Kimble, 2005). Similarly, in other
organisms, PUF family members control precursor cell mitosis
and development in various ways (Wickens et al., 2002;
Spassov and Jurecic, 2003; Salvetti et al., 2005). Together, these
studies have led to the idea that the ancestral function of PUF
domain proteins may have been to control stem cells
(Crittenden et al., 2002; Wickens et al., 2002; Salvetti et al.,
2005). Our studies suggest a new role for PUF proteins in the
execution of late stages of a differentiation program (oogen-
esis). C. elegans puf genes have undergone multiple duplication
events to generate a large protein family, which has led to both
redundancy and functional diversification in regulating germ-
line stem cell behavior (Subramaniam and Seydoux, 1999,
2003; Wickens et al., 2002; Lamont et al., 2004; Bachorik and
Kimble, 2005). The work presented here suggests that puf gene
expansion has allowed functional diversification to extend into
post-mitotic events. In Xenopus, a pumilio homolog also
regulates maternal mRNAs in oocytes; therefore, PUF control
of oocyte formation may be conserved (Nakahata et al., 2001,
2003; Padmanabhan and Richter, 2006). Moreover, the recent
emergence of PUF functions in somatic tissue development and
in post-mitotic neurons indicates widespread adaptation of these
important RNA-binding proteins to various aspects of animal
biology (Baines, 2005; Thompson et al., 2006; Walser et al.,
2006).
Regulation of glp-1 translation by 3′UTR elements and PUF
proteins
The various systems that control glp-1 translation in the
germ line and embryo utilize multiple 3′UTR elements. Our
previous work showed that a GLD-1 binding site within the
SCR promotes repression in early oogenesis, while the TCR is
necessary for full repression during late oogenesis (Evans et al.,
1994; Marin and Evans, 2003). However, both regions work
together during multiple stages of oogenesis. In this study, we
show that the TCR alone can enforce repression during the same
late oogenesis period in which PUF-5 is expressed, but it is not
completely sufficient particularly during late stages of oogen-
esis. The SCR potently inhibits translation in distal meiotic
germ cells, but also contributes to repression in late oogenesis
and contains two distinct elements that function in the embryo
(this study) (Evans et al., 1994; Marin and Evans, 2003). This
complexity indicates that there may be multiple RNA elements
within each region, some of which function redundantly. Our
data support the idea that PUF-5 and PUF-6/7-dependent
repression of glp-1 is mediated through TCR elements, but
these PUF proteins may also influence SCR activity, a
possibility we have not tested.
PUF-5 and PUF-6/7 could control glp-1 directly by binding
one or more of these elements or indirectly through control of
other RNA-binding factors. PUF proteins are sequence-specific
RNA-binding proteins (Wickens et al., 2001; Spassov and
Jurecic, 2003). Elegant studies have precisely defined high
affinity RNA-binding sites for FBF-1, PUF-8, and pumilio
proteins and have identified some key amino acid residues that
contact specific bases and determine specificity (Zamore et al.,1999; Wang et al., 2001; Bernstein et al., 2005; Opperman et al.,
2005). Alignments of PUF-5 and PUF-6/7 to these proteins,
particularly to their closest relative FBF-1, predict they will bind
with highest affinity to related RNA sequences. However,
sequences closely related to FBF sites do not reside within the
TCR of the glp-1 3′UTR. Therefore, PUF-5 and PUF-6/7 may
control glp-1 indirectly, for example by repressing translational
activators of glp-1. Alternatively, PUF-5 and PUF-6/7 may use
different rules to bind elements in glp-1, perhaps requiring
RNA-binding partners for recognition of non-canonical sites.
Because PUF-5 functions redundantly with PUF-6 and/or PUF-
7 and shares strong identity with these proteins in key RNA-
binding residues, we predict that all three will bind the same
elements and mRNAs although some target differences are
possible. Future studies will be needed to determine if any of
these PUF proteins associate with specific glp-1 mRNA
elements directly, or if not, to identify the mRNA targets
that influence glp-1 regulation and other processes during
oogenesis.
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